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Various measurements of the Coulomb breakup of 8B are analysed within the
dynamical eikonal approximation using a single description of 8B. We obtain a
good agreement with experiment for different observables measured between 40 and
80 MeV per nucleon. A simple 7Be-p potential model description of 8B seems suffi-
cient to describe all observables. In particular, the asymmetry in parallel-momentum
distributions due to E1-E2 interferences is well reproduced without any scaling. The
projectile-target nuclear interactions seem negligible if data are selected at forward
angles. On the contrary, like in previous analyses we observe a significant influence
of higher-order effects. The accuracy of astrophysical S factors for the 7Be(p, γ)8B
reaction at stellar energies extracted from breakup measurements therefore seems
difficult to evaluate.
PACS numbers: 24.10.-i, 25.60.Gc, 25.70.De, 25.40.Lw
Keywords: Coulomb dissociation, 8B, astrophysical factor S17
I. INTRODUCTION
The 7Be(p, γ)8B radiative capture reaction is one of the key reactions for understanding
neutrino properties [1]. Indeed, the main part of high energy neutrinos emitted by the sun
arise from this reaction. Its properties determine our knowledge of neutrino oscillations.
The capture of protons by 7Be has been studied by many direct measurements (see
Refs. [2, 3, 4] and references therein). However the difficulty of these measurements and
the scatter of their results has raised interest in indirect methods where the time-reversed
reaction is simulated by virtual photons in the Coulomb field of a heavy nucleus [5]. The
radiative capture cross section can be extracted if one assumes that the breakup is due to an
E1 virtual photon and occurs in a single step. Several experiments have studied the breakup
of 8B at different energies [6, 7, 8, 9, 10, 11].
Though appealing, the breakup method also faces a number of difficulties. First, while the
reaction 7Be(p, γ)8B is dominated by an E1 transition, the E2 contribution to the breakup
of 8B is not negligible [12]. Second, higher-order effects, i.e. transitions from the initial
bound state into the continuum through several steps are not negligible [12]. Finally, the
nuclear interactions between 8B and the target may interfere with the Coulomb interaction.
Therefore elaborate reaction theories must be used to interpret the experimental data. Such
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calculations have been performed with perturbation theories [12, 13], DWBA [14], semi-
classical methods [12, 15, 16, 17], and the continuum-discretized coupled channels (CDCC)
method [18, 19, 20].
A few years ago, we have developed a technique of resolution of the semi-classical time-
dependent Schro¨dinger equation on a mesh in spherical coordinates [21, 22, 23]. This cal-
culation on a mesh avoids partial wave expansions of the wave functions and a multipole
expansion of the interaction. We have used this method to explore certain aspects of the
extraction of the astrophysical S factor from breakup cross sections [23, 24].
Recently, we have developed a purely quantal method based on the same semi-classical
code, the dynamical eikonal approximation (DEA) [25, 26]. This method allows taking into
account purely quantal effects such as interferences, as well as calculating differential cross
sections.
The purpose of this paper is to analyze 8B breakup on a lead target within the DEA.
Until now, theoretical works have focused on a single experiment, i.e. the RIKEN experi-
ment at 52 MeV/nucleon [7] or the MSU experiments at 44 and 81 MeV/nucleon [8], and
83 MeV/nucleon [10]. Here we address both experiments within exactly the same model,
without any fit of parameters. The theoretical model will then serve as a link between
those experiments. We do not consider the GSI experiment [11] because it is performed
at a much higher energy where relativistic effects become important. The present study
is nonrelativistic, except for kinematical effects, before and after the reaction, which are
treated relativistically. Neither will we analyse the Notre-Dame experiment [9]. It has been
performed at sub-Coulomb energies, where the DEA is not reliable.
In Sec. II, we summarize the DEA, describe the cross section formulas in the center-
of-mass and laboratory frames and present our treatment of relativistic corrections. The
condition of the calculations, including the description of the projectile and numerical inputs,
are given in Sec. III. In Sec. IV, the results are presented and commented, and the accuracy
of the extraction of the astrophysical S factor is discussed. Sec. V is devoted to concluding
remarks.
II. DYNAMICAL EIKONAL APPROXIMATION
A. Principle
We are interested in describing a reaction in which a two-body projectile P made up of
a structureless core c, with mass mc and charge Zce, and a structureless fragment f , with
mass mf and charge Zfe, is broken up after its interaction with a target T , with mass mT
and charge ZT e. Since the target state remains unchanged, this process is also called elastic
breakup. We work in Jacobi coordinates where R is the coordinate of the center of mass
of the projectile with respect to the target and r is the coordinate of the fragment with
respect to the core. The corresponding momenta are P and p, respectively. The projectile
is described by an internal Hamiltonian
H0 =
p2
2µcf
+ Vcf(r), (1)
where µcf is the core-fragment reduced mass. Hamiltonian H0 is composed of the kinetic
energy operator for the relative motion between core and fragment and of the core-fragment
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interaction potential. The potential Vcf contains an angular-momentum dependent central
term (including a Coulomb interaction) and a spin-orbit term involving the fragment spin.
The spin of the core is neglected. The eigenstates of H0 with energy E are denoted as
φljm(E, r), where j is the angular momentum resulting from the coupling of the orbital
momentum l with the fragment spin I and m is its projection. The projectile is initially in
its ground state φl0j0m0(E0, r) and the asymptotic projectile-target relative velocity is given
by v.
With these assumptions, the system is described by the three-body Schro¨dinger equation[
P 2
2µ
+H0 + VcT (r,R) + VfT (r,R)
]
Ψ(r,R) = ETΨ(r,R), (2)
where µ is the projectile-target reduced mass and ET is the total internal energy of the three-
body system. Optical potentials VcT and VfT simulate the core-target and fragment-target
interactions, respectively. In the DEA [25, 26], after posing Ψ(R, r) = exp(iKZ)Ψˆ(R, r),
we apply the eikonal approximation, i.e. we neglect second derivatives of Ψˆ which are
small at high velocities. We do however not perform the adiabatic approximation, i.e. H0
is not replaced by E0. The resulting equation looks like the semiclassical time-dependent
Schro¨dinger equation with straight lines trajectories
i~
∂
∂t
Ψˆ(r, b, t) = [H0(r) + VcT (r, b, t) + VfT (r, b, t)− E0]Ψˆ(r, b, t). (3)
In this equation, the variable t is linked to the part of the quantal coordinate R parallel
to the incident direction Z = vt, while the vector b = (b, φ) represents the transverse part
of R. Its norm b can be assimilated to the semiclassical impact parameter. In theory, this
equation must be solved for all values of b and φ, but we will see that only one arbitrary
value of φ is actually needed.
Let Ψˆ(m0)(r, b, t) be a particular solution of equation (3) corresponding to the initial
condition Ψˆ(m0)(r, b, t) →
t→−∞
φl0j0m0(E0, r) and to the particular orientation φ = 0. In the
basis |lIjm〉 coupling the orbital momentum l and the fragment spin I, the asymptotic form
of this solution reads
lim
t→+∞
Ψˆ(m0)(r, b, t) =
1
r
∑
ljm
ψ
(m0)
ljm (r, b, 0)〈Ωr|lIjm〉. (4)
¿From this solution, one can derive the solutions for φ 6= 0 using
ψ
(m0)
ljm (r, b, φ) = e
i(m0−m)φψ
(m0)
ljm (r, b, 0). (5)
The whole information needed to extract cross sections is contained in the breakup am-
plitude given by [26]
S
(m0)
kljm(b) = e
i(σl+δlj−lpi/2)
∫ ∞
0
uklj(r)ψ
(m0)
ljm (r, b, 0)dr, (6)
where σl and δlj are the Coulomb and nuclear phase shifts at positive energy E = ~
2k2/2µcf .
The functions uklj(r) are the radial parts of eigenstates of H0 at energy E. They are
normalized according to
uklj(r)−→
r→∞
cos δljFl(kr) + sin δljGl(kr), (7)
where Fl and Gl are the Coulomb functions [27].
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B. Cross sections in the center of mass frame
In the center of mass frame of the projectile and the target, the breakup transition matrix
element for final projectile-target wave vector K′ = (K ′,Ω) = (K ′, θ, ϕ) within the DEA is
given by [26, 28]
Tfi(k,Ω) = i8π
2~v
k
∑
ljm
(lIm− νν|jm)Y m−νl (θk, ϕk)
i−|m−m0|ei(m0−m)ϕ
∫ ∞
0
bdbJ|m−m0|(qb)S
(m0)
kljm(b), (8)
where ν is the projection of the fragment spin of the final state, (θk, ϕk) is the emission
direction of the fragments of the projectile, and q ≈ 2K sin(θ/2) is the transfered momentum.
The phase in equation (5) ensures the rotational symmetry around the Z-axis since the
modulus of Tfi depends on ϕ− ϕk.
After integration over θk, and ϕk, these transition matrix elements lead to the differential
cross section given by [26]
dσ
dEdΩ
= KK ′
2µcf
π~2k
1
2j0 + 1
∑
m0
∑
ljm
∣∣∣∣
∫ ∞
0
bdbJ|m−m0|(qb)S
(m0)
kljm(b)
∣∣∣∣
2
, (9)
where K = µv/~. The sums over the 2j0+1 values of m0 appearing in formulas (9) and (11)
can be reduced to only positive or negative values of m0 by using the following symmetry
property
S
(−m0)
kljm (b) = (−)l0+j0+m0+l+j−mS(m0)klj−m(b). (10)
C. Cross sections in the laboratory frame
Most experimental results are presented in the laboratory frame, so that a frame trans-
formation from the center of mass frame must be performed. Let Ec, Ωc, and Ωf be the core
energy, the core and fragment directions of emission, respectively. The cross section then
reads
dσ
dEcdΩcdΩf
=
2π
~v
1
2j0 + 1
∑
m0ν
|Tfi(k,Ω)|2ρ(Ec,Ωc,Ωf), (11)
where ρ(Ec,Ωc,Ωf ) is the three-body phase space factor [29] given by Eq. (B7) (see also
Ref. [18]). The transition matrix element Tfi is evaluated at values of k and Ω linked to the
values of the core momentum pc and the fragment momentum pf in the laboratory frame,
by
~k =
mc
mP
pf −
mf
mP
pc (12)
~K′ = pc + pf −
mP
mT +mP
ptot, (13)
where ptot = mPv is the total momentum. Detailed expressions of the frame transformation
are given in Appendix B. Notice that the transition matrix element Tfi must be calculated
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for each (k,Ω). In particular, for each couple (k, q), the breakup amplitude S
(m0)
kljm(b) and its
integrals over b in Eq. (8) are recalculated.
We are also interested by the computation of the core parallel momentum distribution,
so that the cross section (11) must be integrated three times using the following expression
dσ
dpc‖
=
2π
mc
∫ pmaxc
|pc‖|
dpc
∫ pi
0
dθf sin θf
∫ 2pi
0
d∆ϕ
dσ
dEcdΩcdΩf
, (14)
where pmaxc = |pc‖|/ cos θmaxc and ∆ϕ = ϕc − ϕf . Notice that the two integrations over ϕc
and ϕf reduce to a single integration over ∆ϕ since dσ/dEcdΩcdΩf is a periodic function of
∆ϕ [see equations (8) and (B1) to (B7)]. As for the cross sections in the c.m. frame, the
sum over m0 can also be reduced using property (10). This is the case only when the cross
sections is integrated over ∆ϕ like in expression (14).
D. Kinematical relativistic corrections
As mentioned in the Introduction, the present model is nonrelativistic like its basic equa-
tion (2). However, kinematical relativistic corrections are used before and after the reaction.
The velocity of the projectile v used for solving the time-dependent Schro¨dinger equation
(3) is calculated using the relativistic formula
v
c
=
√
1− 1
(1 + Ti
mP c2
)2
, (15)
where Ti is the initial kinetic energy of the projectile and mP its mass. This velocity is also
used for the frame transformation. This is common practice.
In order to be consistent with our velocity choice, we use at the end of the calculation the
inverse relation for the parallel momentum, i.e. we associate to each observed momentum
pc a non-relativistic value p
NR
c . The parallel component of this nonrelativistic momentum
pNRc‖ at which the cross section must be computed to simulate the actual one pc‖ is
pNRc‖ =
(
1
(mP c)2
+
1
p2c‖
)−1/2
, (16)
while its transverse component remains unchanged. Hence the non relativistic emission
angles θNRc giving the direction of the final momentum are obtained according to
tan θNRc =
pc‖
pNRc‖
tan θc. (17)
This reduction will in particular affect the cutoff angles.
III. CONDITION OF CALCULATIONS
A. Description of 8B
The spectrum of 8B contains only one bound state with Jpi = 2+. It is bound by a
mere 137 keV in regards to the one-proton separation. Therefore 8B is usually seen as a
5
valence proton loosely bound to a 7Be core. In the dominant configuration this proton is
in a 0p3/2 orbit coupled to the 3
2
−
ground state of 7Be [30]. For computational reasons,
we restrict ourselves here to a simple model of 8B, in which the spin and internal structure
of the core are neglected. This description corresponds to the Hamiltonian H0 given in
Eq. (1). The 7Be-p potential Vcf contains both Coulomb and nuclear terms. The former
is a point-sphere Coulomb potential of radius RC = 2.391 fm. The latter is a central
Woods-Saxon potential plus a spin-orbit coupling term. Their radius and diffuseness are
R0 = 2.391 fm and a = 0.52 fm, respectively. The strength of the spin-orbit coupling
term is VLS = 19.59 MeV fm
2. The depth of the central nuclear potential V0 is adjusted in
order to reproduce the 0p3/2 bound state at −137 keV. With ~2/2µcf = 23.698 MeV fm2,
we obtain V0 = 44.65 MeV. This
8B description corresponds to a simplified version of the
model of Esbensen and Bertsch [12]. It has been used in previous dynamical calculations of
8B breakup [12, 18, 19, 31].
The simplicity of this structure model has several drawbacks. First, since the spin of the
core is neglected, it is not possible to adjust the 7Be-p interaction to reproduce the scattering
length in both S = 1 and S = 2 total-spin channels. Choosing the same Vcf potential in all
partial waves gives a0 = 5.9 fm, in between the (large) positive value of the S = 1 channel
(25±9 fm) and the negative value of the S = 2 channel (−7±3 fm) [32]. Second, the absence
of core spin means that all 0+, 1+, and 3+ states corresponding to the coupling of this spin
with the 3/2 angular momentum of the proton are degenerate with the 2+ ground state.
In particular, the 1+ resonance located 632 keV above the proton separation threshold is
not reproduced by this model. Finally, the structure of the core being neglected, no process
leading to its excitation can be simulated.
B. Projectile-target interactions
The nuclear interactions between the projectile constituents and the target are simulated
with optical potentials chosen in the literature. Unfortunately, no scattering data are avail-
able for the elastic scattering of 7Be on Pb at energies of interest. Following Mortimer,
Thompson, and Tostevin [19], we consider the potential developed by Cook [33]. It is a
global parametrization determined from elastic scattering data of 7Li on various targets at
different energies. To describe the p-Pb interaction, we use the parametrization of Becchetti
and Greenlees [34], neglecting the spin-orbit coupling term.
C. Numerical inputs
The time-dependent Schro¨dinger equation obtained from the DEA (3) is solved using the
numerical technique detailed in Ref. [21]. In this technique, the projectile internal wave
function is expanded upon a three-dimensional spherical mesh. The angular grid contains
up to Nθ = 10 points along the colatitude θ, and Nϕ = 19 points along the azimuthal angle
ϕ. This corresponds to an angular basis that includes all possible spherical harmonics up to
l = 9. The radial variable r is discretized on a quasiuniform mesh that contains Nr = 800
points and extends up to rNr = 800 fm. The evolution calculation is performed with a
second-order approximation of the evolution operator. It is started at tin = −20 ~/MeV
with the projectile in its initial bound state, and is stopped at tout = 20 ~/MeV (t = 0
corresponds to the time of closest approach). The time step is set to ∆t = 0.04~/MeV.
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The evolution calculations are performed for different values of the transverse component
b of the projectile-target coordinate (see Sec. IIA). These values range from 0 up to 200 fm
with a step ∆b varying from 0.5 fm to 5.0 fm, depending on b. The integrals over this impact
parameter appearing in Eqs. (8), and (9) are performed numerically. To take into account
the rapid variation of the Bessel function, the values of the breakup amplitude S
(m0)
kljm are
interpolated on a uniform grid in b with a step of 0.05 fm. The convergence of these integrals
is ensured by extrapolating the S
(m0)
kljm up to b = 500 fm as explained in Sec. III A of Ref. [26].
IV. ANALYSIS OF EXPERIMENTS
A. Longitudinal momentum distribution
The longitudinal momentum distribution (14) of 7Be obtained from the dissociation of 8B
on lead at incident energies of 44 and 81 MeV/nucleon has been measured at MSU [8, 31].
These measurements have been performed with the aim of evaluating the contribution of
the E2 strength in Coulomb breakup. This observable is indeed the best suited to measure
the influence of the electric quadrupole transition since, as shown by Esbensen and Bertsch
[12], E1-E2 interferences produce a significant asymmetry in that distribution.
The results of our calculations are displayed alongside the experimental data in Fig. 1
for the breakup of 8B on lead at 44 MeV/nucleon. Each set of curves corresponds to a
given cut in the scattering angle θc of
7Be: the upper one is obtained for θc < 6
◦; the lower
ones correspond to the experimental angle cuts θc < 3.5
◦, 2.4◦, and 1.5◦. To allow the
comparison with experiment, our calculations have been convoluted with the experimental
resolution of 5 MeV/c [8]. They have also been shifted by −5 MeV/c so as to be centered
on the data. It can be seen as a fine adjustment to the data not taken into account by the
relativistic corrections (see Sec. IID). This shift is very small compared to the central value
of the longitudinal momentum (2025 MeV/c). Moreover it is equal to the experimental
resolution. The relativistic corrections (16)-(17) used to calculate the parallel momentum in
the laboratory frame thus seem efficient. Finally, note that no other parameter fitting has
been performed. In particular, the magnitude of the curves is exactly that obtained from
our calculations.
The full lines (labeled C.+N.) in Fig. 1 correspond to calculations performed with realistic
projectile-target (P -T ) interactions, i.e. using optical potentials that simulate both Coulomb
and nuclear interactions (see Sec. III B). These results are in very good agreement with the
data at the three forward angle cuts. They match both the magnitude and width of the
experimental distributions. Moreover, they reproduce fairly well the asymmetry observed by
Davids et al. [8]. This is particularly true at the smallest angle cut, where our calculations
are nearly superimposed on the data. Note that with a cutoff on θc at 6
◦, the distribution
exhibits very little asymmetry.
These results confirm the validity of the DEA to describe the dissociation of loosely-
bound projectiles at intermediate energies, as already observed for the dissociation of 11Be
[25, 26]. Moreover they imply that the simple model of 8B is sufficient to describe this
breakup observable.
To better understand the reaction mechanism, as well as analyse the role of each in-
teraction in the dissociation, the calculations are performed with different choices of P -T
potentials. First, we consider a purely Coulomb interaction. These results are shown as
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FIG. 1: Longitudinal momentum distributions of 7Be obtained by dissociation of 8B on Pb at
44 MeV/nucleon. The upper set of curves corresponds to 7Be scattering-angle cut θc < 6
◦. The
lower three, along with the experimental data [8], correspond to θc < 3.5
◦, 2.4◦, and 1.5◦. DEA
calculations are performed using Coulomb plus nuclear (full lines), purely Coulomb (dotted lines),
E1 +E2 (dash-dotted lines), and E1 (dashed lines) P -T interactions. All distributions are convo-
luted with the experimental resolution of 5 MeV/c. For comparison with the data they are also
shifted by −5 MeV/c.
dotted lines in Fig. 1 (labeled C.). They are barely distinguishable from the previous ones
(even for θc < 6
◦), which indicates that P -T nuclear interactions are negligible when data
are restricted to forward angles. The calculations can therefore be performed with a purely
Coulomb interaction as done by Davids and Typel [15]. This avoids the uncertainty due to
the choice of optical potentials.
The insensitivity to optical potentials also indicates that there is no absorption from the
elastic-breakup channel at forward angles. This justifies the use of reaction models in which
only elastic breakup is considered to analyse the inclusive measurements of Davids et al. [8],
where the valence proton is not detected in coincidence with the 7Be core.
To evaluate the influence of the different multipoles of the Coulomb interaction, we also
perform DEA calculations considering only the dipole term (E1), and the sum of the dipole
and quadrupole terms (E1 + E2). The results obtained with the purely E1 interaction
(dashed lines) confirm the previous analyses [8, 12, 15, 19, 31]: E1 strength alone is not
able to reproduce the data. In particular, this calculation exhibits a reverse asymmetry
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compared with the data, even at very forward angles. The quadrupole term of the Coulomb
interaction is therefore mandatory to correctly interpret the data. We see indeed that the
results obtained with both dipole and quadrupole terms (dash-dotted lines) are in better
agreement with the data. Note that we still observe some slight difference with the full
calculation. This difference becomes negligible at very small θc. It is probably due to
higher multipoles. In a semiclassical viewpoint, their contributions indeed decrease at small
scattering angle (i.e. large impact parameter) [35].
We now compare the DEA to the first-order perturbation theory (FO) [35]. In the
latter approximation, the time-dependent Schro¨dinger equation (3) is solved perturbatively
assuming straight-line trajectories, and purely Coulomb P -T interaction. This potential
is expanded in a series of multipoles Eλ, whose contributions to the breakup amplitude
S
(m0)Eλ
kljm (b) is given within the far-field approximation by Eq. (A1). The corresponding
parallel-momentum distributions are computed assuming the classical relation between the
impact parameter b and the scattering angle θ of the 8B center of mass [35]. The comparison
is made in Fig. 2. As in Fig. 1, the full lines depict the DEA results obtained considering
both Coulomb and nuclear interactions between the projectile and the target (C.+N.). The
dashed lines correspond to the first-order calculations performed with only the dipole term
of the Coulomb interaction (FO E1). The first-order calculations obtained using dipole and
quadrupole strengths are plotted as dot-dashed lines (FO).
At the first-order approximation, the E1 distribution shows no asymmetry. This is very
different from the dynamical calculation, which shows a reverse asymmetry compared with
the data (see dashed curves in Fig. 1). The difference is due to higher-order effects, which
are neglected at the first-order of the perturbation theory. Such a substantial effect of
higher-orders is in complete agreement with previous analyses that indicate a strong coupling
between partial waves inside the continuum [17, 24]. An analysis of this experiment ignoring
these effects seems therefore unrealistic.
Once the quadrupole term is included, even first-order theory leads to an asymmetric
distribution. However, as already noted by previous studies, this is too strong an asymmetry
[12, 15, 19, 31]: higher-order effects tend to reduce the asymmetry. This tendency is of course
to be related to the reversal of the asymmetry observed for the purely E1 case. It confirms
the necessity of taking into account dynamical effects to analyse the data.
We perform a similar analysis of the 81 MeV/nucleon data of Davids et al. [8]. Fig. 3 de-
picts the results of our calculations alongside the measurements. As for the 44 MeV/nucleon
case, our longitudinal momentum distributions have been convoluted with the experimental
resolution of 5 MeV/c [8]. We also need to shift our calculations to center them on the
data. This shift (−9 MeV/c) is larger than for the 44 MeV/nucleon distributions, probably
denoting larger relativistic corrections, which are less well simulated by our purely kinemat-
ical corrections (see Sec. IID). However it remains minor when compared with the average
momentum and the experimental resolution.
The results of the full calculations (i.e. containing both Coulomb and nuclear P -T in-
teractions) are plotted as full lines in Fig. 3. The agreement with experiment is less good
than at 44 MeV/nucleon. The magnitude of the calculations is 10 to 25 % too high, de-
pending on the angle cut, and its width is also larger than the experimental one. This could
merely denote larger relativistic effects at this larger incident energy. It could also result
form uncertainty in the data. The very good agreement with the 44 MeV/nucleon data
might indeed be fortuitous, while the discrepancy observed at 81 MeV/nucleon might be
more representative of the experimental uncertainty (e.g. on the angle cut). Nevertheless,
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FIG. 2: Longitudinal momentum distributions of 7Be obtained by dissociation of 8B on Pb at
44 MeV/nucleon. Comparison of DEA and first-order (FO) calculations performed for angular
cuts at 6◦, 3.5◦, 2.4◦, and 1.5◦. Experimental data are from Ref. [8]. DEA calculations are
performed using Coulomb plus nuclear (full lines). First-order calculations are performed with
E1+E2 (dash-dotted lines) and E1 (dashed line) strengths. All distributions are convoluted with
the experimental resolution of 5 MeV/c, and shifted by −5 MeV/c.
our distributions correctly reproduce the slope at the center of the distribution, which is
usually the main concern of previous studies [8, 15, 19, 31].
As in the previous case, there is no significant influence of the nuclear interactions between
the projectile components and the target. The calculations performed with purely Coulomb
P -T interactions (dotted lines) are indeed very similar to those including nuclear optical
potentials. In particular, all distributions have about the same width. Therefore the nuclear
interaction cannot explain the too narrow widths obtained in Ref. [15], in contradiction with
the authors’ explanation.
The results obtained using only the E1 strength are depicted as dashed lines. Similarly to
the previous case, we observe a reverse asymmetry when compared to the experiment. This
is again a signature of the role in the dissociation process of both higher multipoles of the
Coulomb interaction, and dynamical effects. This is confirmed by calculations performed at
the first-order using both dipole and quadrupole strengths (dash-dotted lines). We indeed
obtain a larger asymmetry than the fully dynamical calculation.
The calculations performed at 44 and 81 MeV/nucleon show both an asymmetry in
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FIG. 3: Longitudinal momentum distributions of 7Be obtained by dissociation of 8B on Pb at
81 MeV/nucleon. The sets of results correspond to 7Be scattering-angle cuts at 2.5◦, 1.5◦, and
1.0◦. Experimental data are from Ref. [8]. DEA calculations are performed using Coulomb plus
nuclear (full lines), purely Coulomb (dotted lines), and E1 (dashed lines) P -T interactions. First-
order calculations are performed with E1+E2 (dash-dotted lines) strengths. All distributions are
convoluted with the experimental resolution of 5 MeV/c, and shifted by −9 MeV/c.
the 7Be longitudinal-momentum distribution. In agreement with previous studies [12, 15,
19, 31], this asymmetry is found to be mainly due to interferences between dipole and
quadrupole terms of the P -T Coulomb interaction. As already observed [12, 15, 19, 31]
this asymmetry is reduced by higher-order effects. Using the simple description of 8B of
Esbensen and Bertsch [12] within the DEA [25, 26], we obtain a very good agreement with
the experimental data of Davids et al. [8]. In particular, the asymmetry of the distribution
is well reproduced at both energies. Contrarily to what has been suggested in previous
calculations [8, 15, 19, 31], no scaling of the E2 strength is needed to explain the data. This
suggests that the electromagnetic strengths given by the 8B model of Esbensen and Bertsch
is sufficient to describe the parallel-momentum distribution of the core obtained through
Coulomb dissociation. To investigate further on the validity of this model, we now turn to
other breakup observables.
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B. Energy distribution
Consecutively to the aforementioned experiments, the breakup of 8B on lead has been
remeasured at MSU for an 83 MeV/nucleon incident beam [10]. Contrarily to the previous
measurements, this one is exclusive in the sense that both the 7Be core and the valence
proton are detected in coincidence. This enabled Davids et al. to obtain the breakup cross
section as a function of the 7Be-p relative energy. The aim of this experiment was to extract
the B(E1) from this cross section using the first-order perturbation theory. This E1 strength
was subsequently used to infer the astrophysical factor of the 7Be(p, γ) 8B radiative capture
at solar energy S17(0). Knowing the E2 strength not to be negligible, the authors used the
E2 strength extracted from their previous measurements of the 7Be longitudinal-momentum
distribution [8]. In the present study, we consider these data as another breakup observable
to which to compare our calculations.
Energy distributions obtained from the DEA are displayed in Fig. 4. Since the difference
in incident energy is small, they are obtained from the 81 MeV/nucleon calculations. Like
the experiment, they are limited to a scattering angle of the 8B center of mass θ smaller
than 1.77◦ [10]. For comparison with the data, the theoretical distributions (dσth/dE) have
been convoluted with the experimental energy resolution [36]
dσconv
dE
(E) =
∫ ∞
0
1√
2πa(E ′)
exp
[
−(E − E
′)2
2a(E ′)2
]
dσth
dE
(E ′)dE ′, (18)
where the energy-dependent width a reads
a(E) =
{
0.2072
√
E − 0.0145 if E > 64 keV,
0.038 otherwise.
(19)
In Eqs. (18), and (19), the energies E and E ′, and the width a, are expressed in MeV.
The full lines correspond to a calculation performed using realistic P -T interactions con-
taining both Coulomb and nuclear potentials (see Sec. III B). The upper curve is the total
cross section, while the lower curves correspond to partial wave contributions. The agree-
ment with the experimental data is fair if one considers the very simple model of 8B used
here. The maximum of our theoretical distribution seems to be located slightly too low in
energy in comparison with the data. The magnitude of our distribution, however, is similar
to the experimental one. This suggests some contradiction between these data and those
obtained at 81 MeV/nucleon, compared to which our calculations are too large by 10–25%
(see Fig. 3).
As in Sec. IVA, we analyse the sensitivity of our calculation to the projectile-target
interactions. The cross section obtained using purely Coulomb P -T interactions is shown
as a dotted line. As for the longitudinal-momentum distributions, the difference with the
calculation including both Coulomb and nuclear interactions is negligible. This confirms
that for 8B dissociation on a heavy target at intermediate energies, nuclear interactions can
be neglected when observables are limited to forward angles.
The result obtained with only the dipole term of the Coulomb interaction (long-dashed
line) confirms the less noticeable influence of higher multipoles in this observable. The shape
is indeed similar whether the full interaction or only the E1 strength is considered.
In Fig. 4, we also compare our dynamical calculations with the first-order perturbation
theory (dash-dotted lines). In the latter, the P -T interaction is purely Coulomb and is
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FIG. 4: Breakup of 8B on Pb at 83 MeV/nucleon: relative energy distribution limited at forward 8B
scattering angles (θ ≤ 1.77◦). Dynamical calculations are performed using Coulomb plus nuclear
(full lines), purely Coulomb (dotted line), and E1 (long-dashed line) P -T interactions. First-
order calculations are performed with E1 + E2 (dash-dotted lines) and E1 (short-dashed line)
strengths. Some partial-wave contributions are also shown. Experimental data are from Ref. [10].
All distributions are convoluted with the experimental resolution [see Eq. (18)].
limited to its dipole and quadrupole terms. The scattering-angle cut is simulated by an
impact-parameter cutoff at bmin = 30 fm, as suggested in Ref. [10]. We observe a reduction
between the first-order and dynamical calculations (9% at 0.5 MeV). A better agreement
between the first-order and DEA total cross sections can be found using an impact-parameter
cutoff at bmin = 34 fm, which corresponds to the angular cut at 1.77
◦ through the classical
relation between b and θ [35]. In both cases significant higher-order effects are at play. We
indeed observe that the variation between first-order and DEA is not the same in all partial
waves (see lower curves in Fig. 4). While both dominant s and d contributions are reduced in
the DEA calculation, the p contribution is slightly increased. In agreement with our previous
analysis [24], we interpret this as couplings between different partial waves in the continuum.
The variations observed here suggest that E1-E1 second-order transitions depopulate the
s and d waves in the continuum towards the p and f waves, where they interfere with
first-order E2 transitions. As already seen in Ref. [24], this effect varies with the relative
energy E. It seems thus hazardous to model these higher-order effects as a mere reduction
of the E2 strength within the first-order perturbation theory, as suggested in previous works
[10, 15, 31]. These results confirm earlier studies [17, 24], which show that higher-order
effects and E2 transitions interfere in 8B Coulomb breakup, even at intermediate incident
energies, and forward scattering angles.
Albeit fair, the agreement we obtain here between theory and experiment is less good
than for the parallel-momentum distribution. One explanation for this difference might be
the larger sensitivity of the energy distribution to the projectile continuum. Being integrated
over the energies, the parallel-momentum distribution (14) might indeed be less sensitive to
13
Exp.
a0 = −7 fm
a0 = −2.8 fm
a0 = 5.9 fm
E (MeV)
d
σ
/d
E
(m
b
/M
eV
)
totals
p
d
f
21.510.50
140
120
100
80
60
40
20
0
FIG. 5: Breakup of 8B on Pb at 83 MeV/nucleon: influence of scattering length on breakup.
Dynamical calculations with a0 = 5.9 fm (initial potential; full lines), a0 = −2.8 fm (dashed lines),
and a0 = −7 fm (dotted lines). Experimental data are from Ref. [10]. All distributions have been
convoluted with the experimental resolution [see Eq. (18)].
that part of the projectile model. To investigate that possibility, we perform two additional
calculations with 7Be-p potentials adjusted in the s wave to reproduce various scattering
lengths a0. The potential is kept unchanged in all other partial waves. The corresponding
energy distributions, as the major partial wave contributions are displayed in Fig. 5.
We first consider a0 = −2.8 fm (dashed lines), which corresponds to the weighted average
value between the scattering lengths for the total-spin channels S = 1 and S = 2 suggested
in Ref. [37]. Second we fit the potential to a0 = −7 fm (dotted lines), which is the value
measured for the S = 2 channel [32]. Both calculations are performed considering Coulomb
plus nuclear P -T interactions. The only variation we observe from the initial calculation
(a0 = 5.9 fm; full lines), is a significant increase of the magnitude of the s contribution.
The shape of that contribution is similar for all potential choices. No significant change is
observed in the other contributions. This result confirms the influence of the description
of the projectile continuum upon breakup calculations [38, 39]. However, even adjusting
scattering lengths on realistic values does not explain the difference observed between our
calculations and experimental data. We suspect this observable to be more sensitive to the
projectile description than momentum distributions. A more realistic model of 8B, which
takes into account the spin of the core, and reproduces the measured scattering lengths,
might explain the slight shift observed in Fig. 4. However, such a model is still too time
consuming for the DEA.
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C. Angular distribution
In order to complete this analysis, we use the DEA to compute angular distributions and
compare them to the data obtained by Kikuchi et al. at RIKEN [7]. In this experiment, the
cross section for the breakup 8B on lead at 52 MeV/nucleon has been measured as a function
of the scattering angle θ of the 8B center of mass. The main reason for this experiment was
to evaluate the contribution of E2 transitions in the Coulomb breakup of 8B.
The experimental data are displayed in Fig. 6. The three parts correspond to different
bins of 7Be-p relative energy after breakup: (a) E = 0.5–0.75 MeV, (b) E = 1.25–1.5 MeV,
and (c) E = 2.0–2.25 MeV. Alongside the data are shown the results of our calculations.
To allow a comparison with the data, they have been filtered by the experimental resolution
provided by the authors of Ref. [7].
The full lines correspond to calculations performed with P -T interactions containing
both Coulomb and nuclear potentials. The agreement with the data is fair, in particular
at small scattering angle (i.e. θ < 6◦). Indeed both the magnitude and general feature of
the data are well reproduced by our calculations. Note that no parameter adjustment has
been done to fit the data. At larger angle, the theoretical calculation drops faster than the
measurements. This could be due to an inappropriate choice of optical potentials to simulate
the P -T nuclear interactions, which indeed are significant only at large scattering angle (see
below). Another explanation of this discrepancy could be the filtering with the experimental
resolution. Following Ogata et al. [20], it has been devised assuming the breakup of 8B to
occur only through an s continuum state. As shown by these authors this is not the case
at large scattering angle [20]. Therefore the quantitative comparison between theory and
experiment may not be significant for too large θ.
Note that our calculations are in perfect agreement with those of Ref. [20] (see Fig. 3 of
that reference) although different reaction models and different 8B descriptions are consid-
ered. This agreement validates both calculations. It also suggests that the details of the
8B description have but little effect on these calculations. As for the parallel-momentum
distributions (see Sec. IVA), a simple two-body model of 8B seems sufficient to reproduce
this breakup observable.
With the aim of analysing the influence of the nuclear P -T interactions, we also perform
the dynamical calculation considering purely Coulomb P -T potentials. The corresponding
angular distributions are displayed as dotted lines in Fig. 6. As observed for the parallel-
momentum and energy distributions, the difference with the Coulomb plus nuclear calcu-
lation is negligible at forward angles (i.e. θ < 4–6◦). At larger angle on the contrary, the
difference is more significant. The elastic breakup is strongly reduced in the Coulomb plus
nuclear case, probably due to the absorption terms of the optical potentials. As mentioned
earlier, this attenuation is not observed experimentally. It could be due to an inappropriate
choice of the optical potentials, or to uncertainty in the filtering technique. The angle at
which the difference appears between the purely Coulomb and Coulomb plus nuclear calcu-
lations decreases at larger relative energy E. This is in agreement with previous calculations,
where it has been shown that nuclear potentials affect more significantly the breakup cross
section at large relative energy [21, 40].
To complete this analysis of the influence of the nuclear interaction as well as to show the
effect of the filtering on the distributions, we show in Fig. 7 the result of our calculations for
the first relative-energy bin before filtering. The full line corresponds to the Coulomb plus
nuclear P -T interactions. The dotted line is obtained with purely Coulomb interactions.
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FIG. 6: Breakup of 8B on Pb at 52 MeV/nucleon: angular distribution as a function of 8B center-
of-mass scattering angle θ. Three ranges for the 7Be-p relative energy are considered: (a) E = 0.5–
0.75 MeV, (b) E = 1.25–1.5 MeV, and (c) E = 2.0–2.25 MeV. DEA calculations are performed
using Coulomb plus nuclear (full lines), purely Coulomb (dotted line), and E1 (dashed line) P -T
interactions. First-order calculations performed with E1 +E2 strengths are shown as dash-dotted
lines. Experimental data are from Ref. [7]. All distributions are convoluted with the experimental
resolution.
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FIG. 7: Theoretical calculations of 8B breakup on Pb at 52 MeV/nucleon. The angular distri-
butions obtained for E = 0.5–0.75 MeV are not convoluted with the experimental resolution.
dynamical calculations are performed using Coulomb plus nuclear (full lines) and purely Coulomb
(dotted line) P -T interactions.
Both distributions exhibit the same magnitude for θ < 6◦. However, the former oscillates
around the latter. This effect is a signature of the interferences between the solutions of
Eq. (3) corresponding to neighboring impact parameters [26]. The absence of such oscil-
lations in the purely Coulomb calculation shows that the presence of nuclear terms in the
P -T potentials is responsible for this pattern, already observed by Ogata et al. (see Fig. 2
of Ref. [20]). The angular distribution is thus sensitive to nuclear interactions even at very
forward angles. However the experimental angular resolution hides these interferences in
the measurements. Once filtered, both theoretical distributions look very similar at forward
angles (see Fig. 6). This result also explains that no effect of the nuclear interaction is
observed in the parallel-momentum and energy distributions. In these cases, the integration
over θ cancels out the oscillations. The angular distribution seems therefore a proper ob-
servable to bring out the influence of nuclear interactions. However this requires a very fine
experimental resolution.
To evaluate the contribution of the quadrupole term of the Coulomb P -T interaction to
the angular distribution, we also compute this observable using a purely E1 interaction. The
corresponding calculations are displayed as dashed lines in Fig. 6. As observed for the energy
distribution (see Fig. 4), these results are not significantly different from the purely Coulomb
ones. The difference between both calculations indeed remains small in comparison with the
size of the error bars and/or with the influence of the nuclear interaction. Moreover it varies
with both the scattering angle and the relative energy. The E1 distribution can indeed be
higher or lower than the total Coulomb one, confirming the energy dependence of the E1-E2
interferences mentioned earlier. Moreover, these results show the angular distribution to be
an improper observable to analyse the influence of the E2 strength upon breakup, unlike
the parallel momentum distribution.
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We also compare the DEA with perturbation theory. The dash-dotted lines in Fig. 6
correspond to the first-order distribution obtained using the classical relation between the
impact parameter b and the scattering angle θ. As for the energy distribution, the first-order
approximation overestimates the dynamical calculation. This is particularly true at large
scattering angle (i.e. small b in a semiclassical point of view), where perturbation theory
is less valid. However even below 1◦, the difference between the first-order and dynamical
calculations remains of the order of 10%. This confirms the significant influence of higher-
order effects in the dissociation process, and the difficulty of interpreting experimental data
within the framework of first-order perturbation theory.
This analysis of the angular distributions indicates that like parallel-momentum distribu-
tions, this observable is relatively well described by our dynamical calculation using a rather
simple description of the projectile. Angular distributions do not seem very sensitive to the
projectile description. This result is confirmed by the similarity between our results and
those of Ogata et al. , which are obtained with different models of 8B [20]. Our analysis also
shows that contrary to what was supposed by Kikuchi et al, this observable is not properly
suited to extract the E2 contribution to the breakup. First there does not seem to be a
range in angle where the breakup is E2 dominated. Second, as for the other observables,
higher-oder effects play a significant role, which makes hypothetical the use of perturbation
theory to analyse the data. On the contrary, it seems that angular distributions seem to
be well suited to emphasize the effects of nuclear interaction in dissociation. An interfer-
ence pattern indeed appears when optical potentials are included in the P -T interaction.
Unfortunately, the detection of this pattern requires too fine a resolution to be observed
experimentally in the available measurements.
D. On the extraction of the 7Be(p, γ)8B astrophysical S factor
All the aforementioned Coulomb breakup experiments have been performed with the
final aim of determining the astrophysical S17 factor for the radiative capture
7Be(p, γ)8B at
stellar energies. The analyses presented in the preceding sections show that the task is more
complicated than initially suggested by Baur et al. [5]. The breakup process cannot be seen
in these experiments as a mere one step E1 transition from the initial bound state to the
continuum. If indeed the nuclear interaction between the projectile and the target can be
suppressed by selecting data at forward angle, the presence of significant E2 strengths, and
higher-order effects hinder the direct extraction of B(E1) from the breakup data.
To circumvent these problems, one could think of using these measurements to constrain
the 8B description. However, our systematic analysis of various experiments shows that a
crude description of 8B is sufficient to explain most of the measurements. The mechanism of
Coulomb breakup seems therefore well understood. However, this result also suggests that
this reaction is not a very accurate probe of the structure of the projectile. A more realistic
description of the projectile might not improve significantly the agreement with experiment,
and therefore could hardly be constrained by such data.
As a first attempt to analyse the influence of the projectile description upon the breakup
calculations, we have computed the energy distributions using three 7Be-p potentials ad-
justed in the s wave to reproduce various scattering lengths a0 = 5.9 fm, −2.8 fm, and
−7 fm (see Sec. IVB). Unfortunately, none of the descriptions seems to better fit the data.
We have observed a change only in the magnitude of the cross section (see Fig. 5). If
information about the 8B description were to be extracted from this analysis, a different
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FIG. 8: Astrophysical S17 factor for the
7Be(p, γ)8B radiative capture. Calculations are performed
with the three 8B descriptions given in Sec. IVB, characterized by the scattering lengths a0 =
5.9 fm (initial potential; full lines), a0 = −2.8 fm (dashed lines), and a0 = −7 fm (dotted lines).
Experimental data are from Refs. [2, 3, 4].
normalisation factor would then be obtained for each potential.
To evaluate the influence of the 8B model upon the radiative capture, we plot the S17
factor corresponding to each of the three potentials in Fig. 8 as a function of the 7Be-p relative
energy E. The results of three recent direct measurements are shown as well [2, 3, 4]. All
three potentials lead to very similar S17 factors at zero energy: 19.2, 19.4, and 19.5 eV b,
for a0 = 5.9 fm (full line), −2.8 fm (dashed line), and −7 fm (dotted line) respectively. This
is due to the tiny dependence of the astrophysical S17 factor on the scattering length at
low energy [37]. The energy dependence of S17, however, differs from one potential to the
other. While it behaves rather smoothly with E in the a0 = 5.9 fm case, it increases more
rapidly when a0 is negative. This smooth behavior is in agreement with the measurements of
Hammache et al. [2], and Junghans et al. [4], although both sets of data differ in magnitude.
The data of Baby et al. [3] seem better reproduced when S17 increases faster with the energy.
These results show that there remain significant uncertainties in the extraction of S17
at stellar energy from breakup data. In this indirect technique, the comparison between
theory and experiment provides information at two levels. First it evaluates the ability of
both the reaction and projectile-structure models to describe the breakup mechanism, i.e.
to reproduce accurately the shape of the cross sections. Second, it gives a scaling factor from
the adjustment of the magnitude of the theoretical cross section upon the experimental one.
The S17 factor extracted from breakup would then be the theoretical S17 obtained from the
8B model multiplied by this scaling factor. Our analysis shows that within the DEA, a
crude two-body description of 8B is able to reproduce fairly well the shape of most of the
Coulomb breakup observables. However, as seen in Sec. IVB, different 8B models, while
leading to similar energy distributions, give different magnitudes of this cross section. Since
these models lead to essentially the same theoretical S17 at zero energy (see Fig. 8), one
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would extract, from that observable, a different S17 from each of these
7Be-p potentials.
We also see that even with one description of 8B, different S17 could be extracted from
Coulomb breakup data, depending on the observable considered. Indeed, the good agreement
between theory and experiment for the parallel-momentum distribution at 44 MeV/nucleon
(see Fig. 1) suggests a unit scaling factor. However, the DEA calculation performed with
the same 8B description overestimates the experimental parallel-momentum distribution at
81 MeV/nucleon by up to 10–25% (see Fig. 3), suggesting a scaling factor lower than one,
and therefore a smaller S17 at zero energy.
The mechanism of the Coulomb breakup of 8B seems now well understood. Most of the
breakup observables are indeed well reproduced with the DEA considering a simple two-
body model of the projectile. Nevertheless, efforts still need to be done to understand the
discrepancies between theory and experiment in the magnitude of some cross sections. Since
this magnitude is sensitive to the 7Be-p scattering length, similar calculations involving a
more realistic 8B model (i.e. reproducing the measured scattering lengths, and therefore
including the spin of the core) might solve this problem. The approximate treatment of
special relativity used in the present breakup model (see Sec. IID) may also be an issue.
To evaluate this effect, a comparison with a relativistic extension of the DEA is needed.
Such an extension is planned in the near future. However, the recent results obtained by
Bertulani with a relativistic extension of the CDCC technique do not suggest this effect to
be significant at intermediate energies [42]. Until then the extraction of the astrophysical
S17 factor from breakup data will be subjected to uncertainty no smaller than that obtained
from direct measurements.
V. CONCLUSION
The cross section of the radiative capture reaction 7Be(p, γ)8B is one of the key inputs
to calculate accurately the flux of high-energy neutrinos produced in the sun. The difficulty
of its direct measurement has raised interests in indirect techniques. It has been proposed
to infer the astrophysical S17 factor at stellar energies from cross sections of the Coulomb
breakup of 8B [5]. Several experiments have been performed with this aim [6, 7, 8, 9, 10, 11].
Unfortunately, the extraction of S17 from the breakup of
8B is not straightforward. While
radiative capture is purely E1 dominated, breakup includes a non-negligible E2 strength
[8, 12]. Moreover higher-order effects in the Coulomb breakup process may hinder this
extraction [12]. Finally, the projectile-target nuclear interaction, albeit small, might spoil
the dissociation data.
In this paper, we analyse various 8B Coulomb breakup sets of data [7, 8, 10] within a
single reaction model (the dynamical eikonal approximation [25, 26]) considering a single
description of 8B. This description is based on a simple 7Be-p potential model, in which
the spin of the core is neglected. Although very crude, this description seems sufficient to
reproduce most of the breakup observables, computed within the DEA. We indeed obtain
a good agreement with experiment for angular and longitudinal momentum distributions in
both shape and magnitude. Albeit fair, the agreement is less good for the energy distribution,
possibly because of an insufficiently realistic 8B description.
To analyse the breakup mechanism and its sensitivity to projectile-target interactions,
we systematically perform all calculations with various projectile-target potentials.
First the calculations are done with optical potentials that simulate both Coulomb and
nuclear interactions. To analyse the influence of the nuclear interaction on the data, they
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are compared to calculations performed with purely Coulomb potentials. In most of the
cases the difference is found negligible if distributions are limited to very forward angles.
The influence of nuclear interactions can thus be avoided in Coulomb breakup.
Second, we compare the breakup observables obtained with either the full Coulomb in-
teraction or only its dipole term. For all cross sections, we observe differences, but only
for the parallel-momentum distribution are they significant. In that distribution, the E1
calculation exhibits a reverse asymmetry compared to the full Coulomb one, confirming the
sensitivity of that observable to the E2 strength revealed in previous works [8, 12, 19, 31].
Finally, with the aim of analysing the significance of higher-order effects, we compare
our dynamical calculation with first-order perturbation theory [35]. In agreement with
previous analyses [17, 24], we observe significant couplings inside the continuum leading
to interferences between E1 and E2 first-order transitions. These interferences lead to a
reduction of the asymmetry of the parallel-momentum distributions, as observed in Refs. [8,
12, 15, 19, 31].
It seems therefore difficult to infer the accuracy of the astrophysical S17 factor extracted
from breakup measurements as suggested in Ref. [5]. If indeed the projectile-target nuclear
interaction can be neglected by selecting forward scattering angles, the non-negligible E2
contribution, and the presence of significant higher-order effects limit the reliability of this
extraction. An unresolved issue is the influence of the 8B description upon breakup cal-
culations. The currently available data do not seem to suggest such a significant effect.
But, perhaps the limited experimental acceptance hides some interesting effects. Therefore,
future works are planned to evaluate the interplay between the structure of 8B and its dis-
sociation. This requires an improvement of the projectile description within the DEA. If
breakup turned out to be a useful probe of the structure of 8B, it could serve to constrain
a more precise 8B model. Subsequently, this model could provide a reliable extrapolation of
S17 down to low energies.
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APPENDIX A: FIRST-ORDER PERTURBATION THEORY
By using the first-order perturbation theory to solve the time-dependent Schro¨dinger
equation the breakup amplitudes used in Eq. (8) are given by [35]
S
(m0)Eλ
kljm (b) =
1
i~
ZTZ
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4πǫ0
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where ω = (E − E0)/~, and the effective charge Z(λ)eff is defined by
Z
(λ)
eff =
(
−mc
mP
)λ
Zf +
(
mf
mP
)λ
Zc. (A2)
For straight line trajectories, the time integral Iλµ {see e.g. Eq. (13) of Ref. [24]} in Eq. (A1)
can be evaluated analytically [41]
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√
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(λ+ µ)!(λ− µ)!
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v
)λ
K|µ|
(
ωb
v
)
, (A3)
where Kn is a modified Bessel function [27].
APPENDIX B: FRAME TRANSFORMATION
The core and fragment momentum in the laboratory frame are defined in spherical coor-
dinates by pc = (pc, θc, ϕc) and pf = (pf , θf , ϕf) while the total momentum ptot is assumed
to be in the Z-direction. The energy and momentum conservation laws lead to the following
relation
p2f
(
1
2mf
+
1
2mT
)
− pf
mT
(Ptot cos θf − pc sin θf sin θc cos∆ϕ− pc cos θf cos θc)
+
[
p2c
2mc
−Etot + 1
2mT
(p2tot + p
2
c − 2ptotpc cos θc)
]
= 0, (B1)
where Etot is the total energy in the laboratory frame. The fragment momentum pf can
thus be deduced from pc, θc, θf and ∆ϕ = ϕc − ϕf . ¿From Eqs. (12) and (13), one obtains
in the center of mass frame, the relative momentum between the fragment and the core
~
2k2 =
(
mc
mP
)2
p2f +
(
mf
mP
)2
p2c − 2
mfmc
m2P
pfpc (sin θf sin θc cos∆ϕ + cos θf cos θc) , (B2)
the corresponding colatitude
cos θk =
mcpf cos θf −mfpc cos θc
mP~k
, (B3)
the relative momentum between the projectile and the target
~
2K ′2 = p2c + p
2
f + 2pcpf sin θc sin θf cos∆ϕ+ 2pcpf cos θc cos θf
+
(
mP
mT +mP
)2
p2tot − 2
mP
mT +mP
ptot(pc cos θc + pf cos θf ), (B4)
the corresponding colatitude
cos θ =
pc cos θc + pf cos θf − mPmT+mP ptot
~K ′
, (B5)
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and the difference between the two azimuthal angles
tan(ϕ− ϕk) = sin∆ϕmc
mP
pf sin θf
pc sin θc
− mf
mP
pc sin θc
pf sin θf
+
mc−mf
mP
cos∆ϕ
. (B6)
The three-body phase space factor is given by [29]
ρ(Ec,Ωc,Ωf ) =
mcmfmTpcpf
(2π~)6
[
mT +mf +
mf
pf
(pc sin θf sin θc cos∆ϕ
+pc cos θf cos θc − ptot cos θf )
]−1
. (B7)
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